INTRODUCTION
mation of the fruit can occur, which results in quality downgrading. F. occidentalis immatures can also cause indirect damage by feeding on leaves and flowers, which reduces leaf size and photosynthesis (Steiner, 1990) .
Research to aid in understanding these spatial dynamics of insects relies strongly on the ability to accurately model the spatial processes involved with realistic properties. Current spatial sampling coupled with a variety of statistical tools is now available to help quantify these spatial dynamics and integrate sample location information, such as geostatistics (variogram modeling) and spatial analysis with distance indices (SADIE) (Liebhold et al., 1993; Perry and Dixon, 2002; Park and Tollefson, 2006) . Variogram modeling uses information from both the count value and the sample locations to summarize spatial dependence among various sample points (Cressie, 1993) ; however, the performance of variogram analysis can be affected by the sampling dimension and measurement scale (Liebhold et al., 1993) . Alternatively, the SADIE generates overall indices as well as local distance indices, with their associated probabilities, for the spatial patterns of a single population and the spatial associations of two populations (Perry et al., 1999; Perry and Dixon, 2002) . SADIE allows for improved interpretation of spatial data within a given sampling area (Korie et al., 2000) because it was designed for data that are distributed in discrete aggregations with relatively well-defined boundaries over an area. Furthermore, SADIE is more concerned with the extent of clustering and subsequent testing of spatial patterns in relation to every other sample point (Korie et al., 2000) .
The objectives of this study were to characterize and quantify the spatial patterns of adult and immature F. occidentalis, and to determine their spatial and temporal associations in cucumber plants using SADIE. Although two conventional indices, Green's and Taylor's power law, do not take into account the effect of sample location, because they are commonly used to analyze dispersion, these dispersion indices were calculated and compared with the results of SADIE.
MATERIALS AND METHODS
Surveyed cucumber greenhouses. F. occidentalis populations were monitored weekly in two commercial cucumber greenhouses located near Jeju City (33°30ЈN, 126°30ЈE) on Jeju Island, Korea. Each greenhouse was surveyed from May to July in both 2003 (Greenhouse I: 36 mϫ30 m) and 2004 (Greenhouse II: 33 mϫ25 m). Three-weekold greenhouse-grown cucumber plants (cultivar 'Manneungchungjung') were transplanted in early March in each greenhouse. The survey was conducted over 6 and 8 consecutive weeks in Greenhouses I and II, respectively. Cucumber plants were grown using the modified ventral cordon system (Cho et al., 2001) . In this system, newly expanded leaves were always on the top canopy and the oldest leaves on the lower canopy of the cucumber plants.
Census of F. occidentalis populations. Within each greenhouse, grids of permanent sampling stations were established with one cucumber plant per sample location. The sampling arrays for Greenhouses I and II were 72 and 55 grids, laid out in a 12ϫ6 and 11ϫ5 grid patterns, respectively. Each grid covered ϳ15 m 2 with ϳ50 plants. One cucumber plant located at the center of each grid was selected. The cucumber plants selected were marked on the bottom with white tape and the plants were monitored throughout this study.
The sampling unit was selected as a single cucumber leaf located at the seventh position (located ϳ1.2 m above ground level), as measured from the upper canopy level, because a significantly larger number of adult and immature thrips are consistently observed at the seventh cucumber leaf (Cho et al., 1998) . Populations of F. occidentalis on the underside of a single leaf were counted in situ weekly by recording and noting their geo-referenced position within the sample grid.
In order to determine the composition of adult thrips species on cucumber leaves, four leaf samples were taken biweekly from the middle stratum (7th leaf position) and processed using a washing method (Higgins, 1992) . Adult thrips species from leaf samples were identified using a dissecting microscope (ϫ10) (Mound and Kibby, 1998) . Although taxonomic keys for identifying immature thrips at the species level are available (Milne et al., 1997) , the immatures were not identified and all immatures were combined into a single group because F. occidentalis adults were the most dominant thrips species; 89.3-96.5% of the adult species were F. occidentalis.
Conventional dispersion indices. The Green's index (Green, 1966 ) and Taylor's power law (Taylor, 1961) have been used extensively to measure the level of aggregation in various life systems. Green's index (C x ) is calculated as follows: (1) where s 2 ϭsample variance, xϭmean, nϭsample size. C x ranges from 0, which represents random dispersion, to 1, which represents a high degree of aggregation. The upper value for the test of randomness at the significance level of a is (2) where c 2 has nϪ1 degrees of freedom. Calculated values of C x are compared to C x,(1Ϫa) to determine if the data set differs from a random set (Green, 1966 
where parameter aϭscaling factor related to sample size, bϭdispersion index, which indicates a uniform, random and aggregated distribution when bϽ1, bϭ1, bϾ1, respectively. If bϭ1 and aϽ1, for example, the distribution is not random but uniform, because the variance is smaller than the mean. If bϭ1 and aϾ1, the distribution is not random but aggregated because the variance is greater than the mean. For the same reason, a case with bϾ1 and aϾ1 indicates that the distribution is aggregated. The mean densities (x) of adult and immature thrips and the variances (s 2 ) were calculated for each greenhouse. The general linear regression model procedure (PROC GLM) of SAS (SAS Institute, 1995) was used to estimate regression parameters. Student's t-test was used to determine if slope b was significantly different from 1.0. Analysis of covariance was used to compare slopes between thrips' life stages and greenhouses (Sokal and Rohlf, 1981) .
Coefficient of variation (CV) values can be used as a simple measure of dispersion (McArdle et al., 1990) . Because Taylor's power law states that
. This formula shows that the CV value decreases with bϽ2 and increases with bϾ2 as x increases, so a positive slope value by regressing CV on x confirms that the distribution is aggregated because of bϾ2. On the other hand, the negative slope value gives no information about aggregation.
Spatial analysis by distance indices (SADIE). Spatial patterns of F. occidentalis were analyzed over time using SADIE, and the patterns between greenhouses and life stages of thrips were compared (Perry, 1998) . By permuting the observed counts among sample points, SADIE enables the spatial characteristics of the observed arrangements to be assessed by randomization procedures, using indices and tests of randomness. For a random arrangement of the observed counts, the expected value for the index of aggregation (I a ), an index of the degree of clustering for the whole sample area, is unity, while I a Ͼ1 indicates that counts are aggregated into a cluster (Perry, 1998) . The coordinates of the center of gravity of the spatially referenced counts were estimated (Ferguson et al., 2000) , and changes in the distance between centers (d) were calculated over time.
SADIE also measures the extent of the spatial association between two populations by overlaying cluster maps of the two data groups (Perry and Dixon, 2002) . Two populations may be spatially positively associated, negatively dissociated, or occur at random with respect to one another. This measure is based on a comparison of the spatial SADIE clustering index of the two sets at each sample point rather than the raw data, because they have been adjusted to account for the spatial pattern of the data and any local clustering effects (Perry and Dixon, 2002) . A global association index, denoted as X, was calculated as the mean of local association indices, which is also a simple correlation coefficient between the clustering indices of each data: XϾ0 for positively associated populations, Xϳ0 for populations positioned at random with respect to one another, and XϽ0 for negatively associated populations.
RESULTS
Adult F. occidentalis were the most common thrips species observed, representing 89.3 and 96.5% of the total adult thrips collected from
Greenhouses I and II, respectively. Most of the remaining adults were Thrips tabaci Lindeman, which accounted for 4.8% and 2.8% of the total thrips collected. Since adult thrips were mostly F. occidentalis, immature thrips on the cucumber leaves were assumed to primarily consist of offspring of F. occidentalis adults.
Population sizes were highly variable between stages and between greenhouses ( Table 1) . The adult population in Greenhouse I remained constant at low levels, whereas the populations in Greenhouse II gradually increased to high density by week 4. Changes in the immature populations in Greenhouse I were moderately positively related (rϭ0.83; pϭ0.04) with adult densities, whereas no significant relationship was detected in Greenhouse II (rϭ0.54; pϭ0.17) by Pearson's correlation analysis. Generally, the amount of variation in adult density was greater than that observed for immatures in both greenhouses, as indicated by the CV values, which ranged from 77 to 216% for adults and 62 to 166% for immatures. When CV values were compared between greenhouses, the amount of population variation in Greenhouse I was greater than that observed in Greenhouse II for both adults and immatures. When the sample means were regressed with CV values, the slopes for immature (Ϫ20.79) and adult (Ϫ0.65) populations were significantly different from 0 (immature; slopeϭϪ20. 79, pϽ0.003, adult; slopeϭϪ0.65, pϽ0.004) , indicating that the CV values decreased systematically with a decrease in the sample mean. This is a known phenomenon predicted by TPL, especially at a low value of the mean (Lepš, 1993) . Thus, the CV values were not appropriate for measuring overall variation in F. occidentalis adult and immature population densities.
Conventional dispersion indices
Green's index of dispersion revealed a degree of variation in aggregation over time, which ranged from 0.069 to 0.025 (Fig. 1) ; however, all values were different from those expected based on randomness with two exceptions; the 3rd and 4th sample weeks in adult populations in Greenhouse I.
Taylor's power law provided a consistently good fit for the relationship between the mean and variance of adult and immature thrips density ( Table  2 ). The coefficient of determination (r 2 ) for TPL ranged from 0.96 to 0.99. All b values from TPL regressions were significantly larger than 1 (pϽ0.05; Student's t-test) with all ln aϾ0, suggesting an aggregated distribution pattern for adult and immature thrips in cucumber greenhouses. Also, the negative slopes in regression analysis or all bϽ2, obtained from simple analysis of dispersion using CV were consistent with the results of TPL. Analysis of covariance indicated that slope (b) parameters from TPL regression were significantly different between adult and immature thrips (pϽ0.05; ANCOVA test), but no differences were observed within the same stage (pϾ0.25; AN-COVA test). 
SADIE analysis
To characterize the spatial patterns of adult and immature F. occidentalis in each week, the SADIE index of aggregation, I a , was calculated. Almost all I a values (25 of 28 cases) from both greenhouses were greater than 1, indicating consistent aggregation of adults and immatures (Table 3 ). In Greenhouse I, all I a values greater than 1 were statistically significant (pϽ0.05), and aggregation remained fairly stable over time, ranging from 1.33 to 1.71 for adults and 1.37 to 2.21 for immatures. Similar aggregation patterns were observed in Greenhouse II, but the aggregations were clearly weaker than in Greenhouse I, as indicated by the different aggregation indexes (I a ) (Table 3) . Adult aggregation remained weak (0.97-1.26) with only one significant I a value (1.84) in week 2. The aggregation of immatures was statistically significant on the first five occasions (1.55-1.71), but subsequently fluctuated. The I a values were not related to the mean density of thrips between thrip stages (ttest, pϾ0.05). Spatial association between adult and immature populations was assessed using the SADIE association index, X (Table 3) . X values in Greenhouse I were greater than zero in 5 of 6 cases (pϽ0.025), indicating a consistent association between adult and immature populations. The association declined steadily from a maximum of 0.56 at week 1 to 0.05 at week 5 and then increased at week 6. Substantial associations were also detected in Greenhouse II, with 5 of 8 cases being significant (pϽ0.025). X values also decreased steadily over time, and two negative X values appeared at weeks 6 and 8 in Greenhouse II.
Stability of the spatial patterns over time, the degree of time invariant spatial patterns, was also evaluated by comparing X values from each pair of consecutive sample weeks. The X values indicated an overall spatial association between successive samples for both adults and immatures (Table 4) . In all cases, X values decreased steadily over time when the highest association indices were found at the first comparison (week 1 vs. 2). The association of adults was statistically significant only at the first comparison time point for both greenhouses, whereas 4th and 3rd consecutive comparisons were significant for immatures in Greenhouses I and II, respectively, indicating that the spatial patterns of immatures were more stable than those of adults over time. The correlation between X and d (the distance moved between the center of gravity of the 574 J.-J. PARK et al. 
DISCUSSION
Spatial heterogeneity of living organisms is a multifaceted concept that requires a variety of different quantitative measures, each of which captures a certain aspect of spatial patterning. Traditionally, patterns of spatial dispersion in insects have been described using the CV value (McArdle et al., 1990 ), Green's index (Green, 1966) and Taylor's power law (Taylor, 1961) . Lepš (1993) suggested that the three methods stated above have some drawbacks, and they show a close correlation with the mean at low population densities, independent of the biological characteristics of the data. Moreover, these indices focus on sample count variance and ignore the spatial location of the samples (Liebhold et al., 1993) . This property produces certain undesirable effects: the indices sometimes fail to differentiate among different spatial patterns (Midgarden et al., 1993) . The distribution patterns of F. occidentalis adults and immatures have been shown to be aggregated based on TPL (Saguero Navas et al., 1994; Cho et al., 1998 Cho et al., , 2001 ). This study reveals that aggregation patterns are not consistent between adult and immature populations ( Table 2 ). The slopes (b value from TPL model) of immature populations are steeper than those of adults, indicating the immatures show less dispersal tendency than adults (Yamamura, 2000) ; however, it is important to understand that these indices have limitations and their use should be questioned. This was verified in the simulation studies conducted by Myers (1978) and Perry (1995) . SADIE analysis successfully detected significant departures from randomness in both adult and immature thrips. This technique is able to detect not only a general departure from randomness in the distribution of the data, but it also provides several indices that can be used to make formal statistical tests. SADIE has several advantages over geostatistics (variogram) in regards to spatial data analysis such as a variogram. Unlike variogram analysis, no assumptions in the data distribution are required for SADIE analysis, since the results are specifically conditioned by the heterogeneity of the data set. In addition, SADIE can handle zero data, count data, binary data, semi-quantitative data and continuous data if the data are categorized prior to analysis (Perry et al., 1999) .
This study showed that both adult and immature distributions were not consistently aggregated throughout the surveying periods with the exception of immatures in Greenhouse I (Table 3 ). The distribution of adults and immatures tended to be aggregated in a random manner, suggesting that the spatial structure of F. occidentalis counts in cucumber greenhouses might be density independent. Further analysis supports this result: no statistically significant relationships between the aggregation index (I a ) and density were detected in all cases. SADIE analysis demonstrated that throughout the sample periods, immature populations were consistently more aggregated than adult populations. The spatial association between adults and immatures remained stable each week; however, the temporal association decreased as the weeks progressed. The temporal association of immatures was stronger than that of adults. These aggregations and associations can be explained, in part, by the lower mobility or dispersal activity of immatures compared to that expected by winged adults. During early growing seasons, adult F. occidentalis can be introduced from outside the greenhouses and establish the first immature populations inside the greenhouses. If immature dispersal is lower than that of adults, the immature population will appear in patches of high abundance, leading to a spatial association. The immatures are wingless and are rarely widely dispersed, whereas the adult is the primary dispersal stage. The decrease in temporal association is related to the distance moved (d) between the centers of spatially referenced counts. As expected from the biological properties of F. occidentalis described above, the adults moved a greater distances than immatures, and displayed weaker temporal associations between successive weeks.
The analyses presented here provide a broad overview of the analysis of spatial association and its variation over time. SADIE aggregation and association indices combined with clustering contour maps were found to provide detailed and biologically meaningful information describing the spatial patterns of F. occidentalis and their associations on a local scale. The presence of short-range structures in the form of patches and gaps indicates that F. occidentalis populations are spatially related within the range of the spatial scales (greenhouse sizes) tested in this study.
The results of our study reveal the presence of complex spatial patterns and associations in thrips populations in cucumber greenhouses. These combined findings imply two important points in regards to F. occidentalis sampling and management. First, the sampling used to estimate and predict changes of thrips populations in greenhouses should target immature populations on plants because F. occidentalis immature populations are more spatially aggregated and temporally associated than adults in greenhouses. Steiner (1990) found little correlation between F. occidentalis density on plants and the amount of cucumber fruit damage. In addition, Higgins (1992) reported that the simultaneous use of sticky traps and plant samplings allowed for quick detection of potential hot spots of thrips activities in greenhouses. A better understanding of such spatial and temporal interrelationships of adult and immature thrips has the potential to reduce sampling and management costs by predicting where greater immature populations exist inside greenhouses, which will enable sampling and management to be focused in those areas. Secondly, an understanding of the spatial association between adult and immature thrips is crucial for effective management of Tospovirus, since thrips have a unique relationship with the Tospovirus. While the virus can be acquired only through immatures, transmission is due almost exclusively to adults (Whitfield et al., 2005) ; therefore, the spread of Tospovirus within and between fields relies on spatial interactions among infected hosts, adult, and immature thrips (Whitfield et al., 2005) . Once this information is coupled with the spatial pattern of infected hosts, Tospovirus epidemiology can be understood and predicted. Coutts et al. (2004) analyzed the spread patterns of Tospovirus in lettuce and pepper fields with SADIE, and based on these spread patterns they suggested potential effective management strategies. For efficient integrated plant virus disease management, it is necessary to understand the spatial pattern of plant disease and vector insect aggregations.
